The arabinogalactan and peptidoglycan of armadillo-grown Mycobacterium leprae were examined. Within the limits defined by the small amount of material available, the resemblance of these polymers to those of other mycobacteria was confirmed. The polymers were linked by a highly acid-labile bond and the arabinogalactan was itself acid-labile; free arabinose and a variety of oligosaccharides containing both arabinose and galactose, as well as polysaccharide and peptidoglycan, were released by dilute acid. The resonances from anomeric protons in the proton NMR spectrum of the arabinogalactan were similar to those from the arabinogalactan of M. tuberculosis. The composition and structure of the peptidoglycan resembled those of other mycobacteria. The only major difference was the specific replacement of L-alanine by glycine in the peptide of the peptidoglycan.
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water or 0.15 M-NaCl, were sonicated at 4 "C for 20 min with a Dawe Soniprobe operated at SOW. The sonicates were centrifuged at 105000g to pellet the crude walls, which were collected and stored at -20 "C until sufficient material was available for further processing.
Crude walls were thawed and sonicated (80 W) in a small volume of residual liquid (<0-15 M-NaCI) for 10 rnin at 4 "C to break up clumps. The material was then suspended in 40 mlO.15 M-HEPES buffer, pH 7.2, containing 1 ~M -M~S O , , 0.1% (w/v) Tween 80 and 0.05% sodium azide, and digested with deoxyribonuclease type I (Worthington) plus ribonuclease (Koch-Light; each approx. 100 pg ml-I) at room temperature for 16 h followed by trypsin plus chymotrypsin (Armour; 100 pg ml-') at room temperature for 24 h. Sodium dodecyl sulphate was added to a final concentration of 1 % (w/v) and the suspensions were kept for a further 24 h at room temperature. The walls were collected by centrifuging at 12000g for 30 min, washed twice with 0.1 % (w/v) Tween 80 buffered to pH 6.8 with 1 mM-MES (buffered Tween), once with 1 M-NaCI and finally with buffered Tween. The walls were separated from residual unbroken bacteria and powdered titanium from the sonicator probe in linear gradients of 15 to 50% (w/w) sucrose in buffered Tween centrifuged at 34800 g for 4 h, then washed with water and freezedried.
One batch of walls used to study the isomers of diaminopimelic acid present was prepared from bacteria broken in a Mickle cell disintegrator for 10 min, using 72.9 mg M . leprae suspended in 3 ml 0.9% (w/v) NaCl plus 3 g Ballotini beads. After the walls had been washed free from beads they were processed as above.
Non-covalently-bound lipids were removed by extraction with chloroform/methanol(2 : 1, v/v) for 4 d at room temperature; walls were collected by centrifuging after dilution of the solvent to chloroform/methanol (1 : 1, v/v).
Preparation of polysaccharide and peptidoglycan by a two-stage method. Methods were modified from those of Draper (1971) and Davidson et al. (1982) . A sample of purified walls (15 mg) was suspended in 15 mlO.5% (w/v) KOH in methanol and kept at 37 "C for 4 d, then washed with methanol and dried. Freed mycolic acid methyl esters were extracted with diethyl ether. The lipid-free walls were dried, suspended in 10 ml of 0.05 M-H,SO, and kept at 37 "C for 5 d. The residue (peptidoglycan) was collected, washed twice with water and freeze-dried. The supernate, containing released and partially degraded polysaccharide, was neutralized with BaC03. BaSO, and BaC03 were removed by filtration through Whatman no. 50 paper and the clear filtrate was dried at 40 "C in a rotary evaporator.
Preparation ofpolysaccharide andpeptidoglycan by a single-stage method. This method was a simplified version of that used by Misaki et al. (1974) . Purified walls (33 mg) were suspended in 10 ml 0.5 M-NaOH, sparged with nitrogen to remove dissolved oxygen, sealed and heated at 70 "C for 8 h with occasional shaking. After cooling, the alkali was neutralized with 0.29 ml glacial acetic acid. Insoluble material was collected by centrifuging (12000g, 30 min), washed with water, freeze-dried, extracted with diethyl ether to remove residual mycolic acid and finally dried.
The neutral supernate was extracted twice with diethyl ether, dried, redissolved in 6 ml water and treated with 36 ml ethanol and 1 drop 1 M-CaCl,. After 5 d at 4 "C precipitated material was collected, dissolved in 5 ml water and precipitated with 30 ml ethanol. After 1 d at 4 "C the precipitated material was collected, dissolved in 3 ml water and centrifuged at 12000g for 1 h. (The sediment, presumably mostly peptidoglycan solubilized by the alkali, was not further studied.) The supernate, plus washings, was precipitated at 4 "C with 5 vols ethanol and a trace of CaC1,. The precipitated polysaccharide was redissolved in a known volume of water for further analysis. N M R spectrometry. Polysaccharide prepared by the one-step method was dissolved in D20, freeze-dried to displace H 2 0 and redissolved in DzO. It was examined in a Bruker AM500 NMR spectrometer operating at 500 MHz with a spectral width of 4 kHz.
Determination of sequence and cross-linkage ofpeptidoglycan. The amino acid sequence of the peptidoglycan was elucidated by paper chromatographic analysis of partial acid hydrolysates (4 M-HCI, 100 "C, 20 min), according to the methods of Schleifer & Kandler (1972) . Peptides were identified on the basis of their positions on twodimensional chromatograms, their colour after spraying with ninhydrin and the identity of the amino acids released after complete hydrolysis. Dinitrophenylation and hydrazinolysis were performed as described by Hammes et al. (1973) .
Determination of optical isomers of alanine and glutamic acid as N-tripuoroacetyl-L-prolyl amino acid methyl esters.
A sample of peptidoglycan (2.6 mg) was hydrolysed with 4 M-HC~ at 105 "C for 16 h, then dried in uacuo over NaOH. The material was esterified with 4 M-HCl in methanol at 70 "C for 30 min and evaporated to dryness (Darbre & Islam, 1968) . The residue was treated with an excess (0.2 ml) of N-trifluoroacetyl-L-prolyl chloride at room temperature for 1 h (see Halpern, 1977) , cooled to below 10 "C and partially neutralized with triethylamine (50 pl). A sample (1 pl) was injected directly onto a GLC column operated isothermally at 179 "C to study glutamic acid and at 152 "C to study alanine. Relative amounts of the optical isomers were determined from areas of peaks and comparison with standards. GLC was carried out with a Pye series 104, model 24, gas chromatograph equipped with dual flame-ionization detectors. Glass columns (3.25 m x 2-5 mm i.d.) were packed with HP Chromosorb W, 80-100 mesh, coated with 2.5% (w/w) of mixed stationary phase (Darbre & Islam, 1968 Separation of oligosaccharides. Polysaccharide (3 mg) prepared by the two-stage method was separated by M, fractions using a Biogel P-2 (Bio-Rad) column, 25 x 235 mm, run at 22 ml h-* with water as the eluent (Fig. I) .
The void volume of the column was measured with Blue Dextran (Sigma) and approximate M, values of eluted fractions were calculated using a standard curve relating elution volumes to M, values of galactose, sucrose, raffinose and stachyose in a separate column of similar dimensions.
Analytical methods. Samples for amino acid analysis (usually about 1 mg) were hydrolysed in sealed tubes with 4 M-HCI at 105 "C for 16 h. Lipid or charred material was removed by filtering through Whatman no. 50 filter paper and the hydrolysates were evaporated in uacuo over NaOH. The samples were examined in a Beckman automatic amino acid analyser ; amounts of amino-compounds were calculated from measured areas of peaks using regularly checked colour factors.
Glycollic acid was measured by the method of Uchida & Aida (1977) , with elution volumes adjusted to allow small columns of ion-exchange resin in Pasteur pipettes to be used.
Carbohydrates were examined by TLC on cellulose thin-layer plates using n-butanol/acetic acid/water (4 : 1 : 1, by vol.) as solvent and aniline phthalate to detect sugars.
Composition of carbohydrate samples was determined by GLC of trimethylsilyl derivatives of methyl glycosides.
Neutral sugars were estimated by the method of Dubois et al. (1956) , using galactose as a standard but measuring extinctions at 480 nm. Polysaccharide samples were not normally hydrolysed before estimation.
Reducing sugars were estimated by the method of Park & Johnson (1949) .
RESULTS

Composition of peptidoglycan
Results of automatic amino acid analysis of peptidoglycan prepared by the single-stage method (duplicate samples) confirmed those reported earlier by one of us (Draper, 1976) . Relative to DAP = 1 mol there were 0.88 mol alanine, 1-13 mol glycine and 0.98 rnol glutamic acid. Traces of 'non-wall' amino acids were present, but amounts were too small for accurate quantification: less than 0.09 mol (relative to DAP) of the most abundant, aspartic acid, was detected. The structure of the 'standard' mycobacterial peptidoglycan (Lederer, 1975) contains no glycine and twice as much alanine at DAP, so the replacement of alanine by glycine in the peptidoglycan of M. leprae was evident from our analyses. A small peak corresponding to muramic acid phosphate was present in the chromatograms.
The DAP in the peptidoglycan of M. leprae was apparently all the meso-isomer, as judged by TLC on cellulose plates. The free amino acid from the walls had a mobility different from LL-DAP and similar to meso-and DD-DAP (which are not separated). The di-(2,4-dinitrophenyl)-DAP from M. leprae had a mobility on silica-gel plates different from that of DD-and LL-DAP (which are not separated) and similar to that of di-(2,4-dinitrophenyl)-rneso-DAP.
Peptidoglycan prepared by the single-stage method contained 1-3 mol glycollic acid relative to DAP = 1 mol; peptidoglycan prepared by the two-stage method contained a similar amount. Molar ratios of muramic acid were less than the theoretical unity (0.57) relative to DAP, but this is usual in analyses of peptidoglycan, partly because of instability of muramic acid to strong acid. Multiplication by the factor (1.47) determined by Kotani et al. (1975) to correct for losses in hydrolysis gives a molar ratio of 0.84. Further muramic acid was present as unhydrolysed muramic acid 6-phosphate, but this could not be quantified. It may be inferred that the whole of the muramic acid in the peptidoglycan is present as the N-glycollyl derivative. D-and L-alanine and D-and L-glutamic acid were clearly resolved by GLC of their Ntrifluoroacetyl methyl esters; both were present in the peptidoglycan predominantly as Disomers (90% D-glutamic acid, 87% D-alanine). Given that traces of 'non-wall' amino acids were present even in purified peptidoglycan, as demonstrated by amino acid analyses, it seems probable that the small amounts of L-alanine and L-glutamic acid were derived from protein contaminants. The glutamic acid in the peptidoglycan was (as usual) the D-isomer and most or all of the L-alanine in the peptidoglycan had been replaced by glycine.
Sequence and cross-linkage of peptidoglycan Three peptides, G~Y-D-G~U, muramic acid-Gly and meso-DAP-D-Ala, were identified in the partial acid hydrolysates. Gly-~-Glu showed a yellow colour, typical of N-terminal glycine, with ninhydrin. The other peptides yielded muramic acid plus glycine, and meso-DAP plus alanine, respectively, after complete hydrolysis. Mono-(2,4-dinitrophenyl)-DAP was the only dinitrophenyl derivative detected in hydrolysates of dinitrophenylated walls, and amounted to about 25% of the total DAP present. This indicates a degree of cross-linkage of about 75%, a typical value for Gram-positive bacteria. Hydrazinolysis yielded about 10% of free DAP but no significant amount of alanine, indicating that D-alanine not involved in cross-linkage had been removed by bacterial carboxypeptidase.
Properties of wall polysaccharide Duplicate samples of polysaccharide prepared by the single-stage method contained arabinose and galactose in a molar ratio of 3.9 to 1. Recovery of identifiable carbohydrate was 80% of the dry weight of the samples. Traces of glucose and mannose were present; amounts were too small for accurate quantification but were about 1% and 6%, respectively, of the amount of galactose.
A sample of this polysaccharide was compared with a sample of arabinogalactan from M. tuberculosis, prepared by alkali extraction of whole cells followed by ethanol fractionation according to the method of Misaki & Yukawa (1966) , by proton NMR spectroscopy in D20. The spectra obtained were, as expected, complex, and the resolution of resonances with the very small sample from M. leprae was much poorer than that with the more abundant polysaccharide from M. tuberculosis. However, a comparison of peaks in the region where resonances from anomeric protons were expected (chemical shifts of 5 to 5-3 p.p.m.) indicated a close resemblance between the two polysaccharides ( Fig. 2 and Table 1) .
'Polysaccharide' prepared by the two-stage method contained considerable amounts of material having the same mobility on cellulose TLC plates as arabinose, as well as material of lower mobility, not resolved into distinct spots, but apparently oligosaccharide in nature. Individual fractions eluted from the Biogel P-2 column were collected into six pooled fractions . leprue (a) and arabinogalactan from M . tuberculosis (b) were dissolved in D 2 0 and studied in a Bruker AM500 instrument at 500 MHz. Note that the spectra were originally recorded on different linear scales, and also that the resolution of the spectrum of the small M. leprue polysaccharide sample is much poorer than that of the arabinogalactan from M . tuberculosis. Table 1 
. Chemical shifts of anomeric protons in wall polysaccharide of M . leprae
Proton NMR spectra were obtained as described in Fig. 2 and shifts 8 Complex peak.
( Fig. I) , which were assayed for total and reducing carbohydrate and analysed for sugar composition by GLC ( Table 2 ). The six pooled fractions accounted for 93% of the material applied to the column. It was clear that even the very weak acid used in this hydrolysis caused extensive degradation of the wall polysaccharide. Of the total arabinose in the sample, 10% was present as the free sugar. Little free galactose was produced but a substantial proportion occurred in oligosaccharides. The overall arabinose :galactose ratio was 3.5 : 1, somewhat lower than for polysaccharide obtained by the single-stage method.
DISCUSSION
Apart from some continuing debate about whether the whole of the arabinogalactan is attached by phosphodiester links to muramic acid or is partly joined to the peptidoglycan by a glycosidic bond (Kanetsuna & San Blas, 1970 ; for more recent data on the related Nocurdia rubru see Fujioka et al., 1985) , the structure of the mycobacterial wall as reviewed by Lederer (1971, Carbohydrate removed from M. leprae walls prepared by the two-stage method (3.01 mg) was fractionated on a Biogel P-2 column as described in Fig. 1. Fractions were assayed 1975) has not been seriously questioned. The structure of the wall of M. leprae conforms to the general structure in most respects. Its mycolic acids have been the subject of several studies (see Minnikin et al., 1985) ; for the present purpose it matters only that they may be removed by the same methods that work for other mycobacteriaaqueous or methanolic alkaliwhich implies an ester bond. Dilute methanolic alkali does not remove the polysaccharide from the peptidoglycan. Insufficient polysaccharide has so far been available from M. leprae to allow sequencing but some resemblances to the polysaccharide of other mycobacteria may be deduced. The ratio of arabinose to galactose (3.9:l) is somewhat higher than that of other mycobacterial arabinogalactans (2.3 : 1 to 2-8 : 1 ; Misaki et al., 1974) . Purified wall polysaccharides of some corynebacteria (related to mycobacteria) contain other sugars in major amounts but the polysaccharide from Mycobacterium smegmatis is purely an arabinogalactan (Abou-Zeid et al., 1982) . The amounts of mannose and glucose detected by us in the polysaccharide of M. leprae are sufficiently small to be dismissed as contamination by soluble arabinomannan and glycogen, respectively.
The extreme sensitivity of the polysaccharide to acid is shared by arabinogalactan of M. microti (Davidson, 1976; P. Draper, unpublished observations) and the monosaccharide released is almost entirely arabinose, which is known to be the terminal sugar in other mycobacteria. The acid sensitivity is consistent with the arabinose being in the furanose form, as reported for other mycobacterial arabinogalactans (Misaki et al., 1974) . All the oligosaccharides released from the polysaccharide of M. leprae contained both galactose and arabinose, which is consistent with the known complex structure of the mycobacterial arabinogalactan. Finally, the resemblance between the chemical shifts of anomeric protons in the polysaccharide from M. leprae and an authentic sample of arabinogalactan from M. tuberculosis is consistent with these two arabinogalactans having similar structures.
The peptidoglycan of M. leprae is also conventional in most respects. It contains glucosamine and muramic acid in approximately equimolar amounts (Draper, 1976; David & Rastogi, 1983) . Sufficient glycollyl residues are present to allow all the muramic acid to be glycollylated. Muramic acid phosphate is apparently present in acid hydrolysates, and this, together with the ease of removal of the polysaccharide with dilute acid, suggests that most of the polysaccharide is attached by conventional phosphodiester links.
The sole difference seems to be in the cross-linking peptide. The present results confirm the original claim by Draper (1976) that alanine is partly replaced by glycine. Further, it is clear that the replacement is site-specific and that the missing alanine is the L-isomer attached to the muramic acid.
One aim of the analysis of the wall of M. leprae was to clarify its taxonomic status: whether it is a true mycobacterium and, if so, what other mycobacteria it most resembles. The composition of the peptide cross-links presents an anomaly. The combination of glycine (replacing L-alanine) with meso-DAP in a peptidoglycan has been described in an antibiotic-producing bacterium, Micromonospora olivasterospora (Nara et al., 1977; Kawamoto et al., 1981) . The 'data for sequence and cross-linking of the peptidoglycan found by us are consistent with M. leprae having the same peptidoglycan structure as Micromonospora olivasterospora. The structure has been described in no other mycobacterium and would be a useful taxonomic marker for M. leprae if it did not require such a large amount of material for detection. Other members of the family Actinoplanaceae also have glycine and meso-DAP in the peptidoglycan (Szaniszlo & Gooder, 1967; Stackebrandt & Schleifer, 1984) .
DNA-hybridization experiments (Athwal et al., 1984) appear to show that M . leprae is not closely related to any other mycobacterium, but that its relationship to M . tuberculosis is less distant than that to other mycobacterial species or to species of Nocardia and Corynebacterium. Numerous phenotypic characters, particularly immunological reactivity and the chemical nature of its lipids, underline the mycobacterial nature of M . leprae. The unusual peptidoglycan structure and the anomalously low G + C content (Imaeda et al., 1982; Clark-Curtiss et al., 1985) apparently contradict this. Further information on the relationships of M . leprae to other organisms seems needed.
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